The first clinical application of magnetic resonance elastography (MRE) was in the evaluation of chronic liver disease (CLD) for detection and staging of liver fibrosis. In the past 10 years, MRE has been incorporated seamlessly into a standard magnetic resonance imaging (MRI) liver protocol worldwide. Liver MRE is a robust technique for evaluation of liver stiffness and is currently the most accurate noninvasive imaging technology for evaluation of liver fibrosis. Newer MRE sequences including spin-echo MRE and 3 dimensional MRE have helped in reducing the technical limitations of clinical liver MRE that is performed with 2D gradient recalled echo (GRE) MRE. Advances in MRE technology have led to understanding of newer mechanical parameters such as dispersion, attenuation, and viscoelasticity that may be useful in evaluating pathological processes in CLD and may prove useful in their management. This review article will describe the changes in CLD that cause an increase in stiffness followed by principle and technique of liver MRE. In the later part of the review, we will briefly discuss the advances in liver MRE.
C hronic liver disease (CLD) is a major public health problem worldwide. In the United States, CLD and cirrhosis are the tenth leading cause of death and responsible for more than 25,000 deaths annually. 1 Many etiologies, including chronic viral infections such as hepatitis B and hepatitis C, alcohol, nonalcoholic liver disease (NAFLD), hemochromatosis, primary sclerosing cholangitis (PSC), primary biliary cirrhosis (PBC), and autoimmune hepatitis cause CLD. CLD is characterized by ongoing inflammation and simultaneous healing process that leads to loss of liver parenchyma, fibrosis deposition, and vascular alterations. Untreated CLD progresses to advanced fibrosis/cirrhosis with associated complications of portal hypertension, hepatocellular carcinoma, hepatic decompensation, and death. Successful treatment of CLD etiology results in hepatic parenchyma recovery and prevents progression of fibrosis. Near-complete regression of fibrosis and return to almost normal liver parenchyma can happen if treated early. [2] [3] [4] Therefore, early detection and accurate staging of the liver fibrosis is essential in CLD to determine the treatment choices and prognosis.
Although liver biopsy is considered the reference standard for staging of hepatic fibrosis, it is an invasive procedure associated with pain, cost, non-negligible risk of major complications, and frequently refusal by patients, particularly if multiple serial assessments need to be performed. 5 Other major limitations are sampling errors, as biopsy samples are $1/50,000 part of liver, heterogeneity of liver fibrosis, and high intra and interobserver variability even among expert pathologists. [5] [6] [7] [8] [9] [10] [11] Liver biopsy is therefore not an accurate reference standard creating a need for alternative and preferably noninvasive techniques. 12 Several serum laboratory tests are useful for prediction of liver fibrosis and they perform well for detection of advanced fibrosis or cirrhosis but do not have high accuracy for detection of early or mild fibrosis. [13] [14] [15] Conventional imaging methods such as computed tomography (CT) and magnetic resonance imaging (MRI) can determine changes in liver morphology that are characteristic of cirrhosis. However, these signs are not sensitive enough, and often only seen in advanced stages of liver fibrosis or cirrhosis, making them unreliable for detection of fibrosis in early stages. [15] [16] [17] Elastography techniques have recently emerged as alternative noninvasive tests for liver fibrosis. Currently, magnetic resonance elastography (MRE) is the best noninvasive method available for detection and staging of liver fibrosis. [18] [19] [20] In this review, we will provide a baseline understanding of mechanical changes that occur in liver fibrosis followed by review of principle, technique, and clinical applications of liver MRE. Finally, a brief update of modifications and innovations in MRE technique for clinical applications in liver disease will be discussed.
HEPATIC FIBROSIS AND ITS EFFECT ON LIVER STIFFNESS
Normal liver parenchyma is composed of hepatocytes, sinusoidal endothelial cells, Kupffer cells, and other cells in the space of Disse, sinusoidal spaces, and the vessels and lymphatics supplying the liver. The blood in the sinusoids and the vessels contribute to nearly one-third of the liver volume. The liver parenchyma enclosed by a thin connective tissue capsule (Glisson capsule), and the extracellular matrix (ECM) provides the structural support within the substance of the liver. The ECM is composed mainly of collagen, glycoproteins, and proteoglycans 21 and the normal collagen content is <1% of weight of liver. Blood flow through liver is approximately 1 to 1.5 L/min and is a low-pressure flow system due to large crosssectional area of the sinusoids. Normal liver can accommodate increased blood inflow without any significant increase in the intrahepatic pressure. Owing to this compliant nature of parenchyma and small amount of collagen in ECM, normal liver is a very soft organ. Outflow obstruction, however, would cause congestion, edema, and stretching of the liver capsule leading to increased parenchymal pressure and increased liver stiffness.
Hepatic fibrosis is a dynamic process characterized by the excessive ECM accumulation in response to injury and inflammation, and this is balanced with degradation of the excessive ECM and remodeling. 22 Activation of hepatic stellate cells into myofibroblasts plays the central role in hepatic fibrosis in liver injury. 2, 23 Other sources of fibrosis are fibroblasts and myofibroblasts residing in the portal tract, around the central vein and smooth muscle cells in vessel walls. When the hepatic fibrosis exceeds the degradation, progressive fibrosis ensues and cirrhosis results eventually along with changes in vascular architecture. This progression of fibrosis typically takes several years, especially from early stages, but can increase rapidly in advanced fibrosis stage or when immunocompromised states coexist. The fibrosis deposition in liver parenchyma is variable in both quantity and spatial distribution in different CLDs as well as among diseased livers from same etiology. 22, 24 The increased ECM (mainly collagen) in hepatic fibrosis and associated vascular architecture changes lead to increased tissue stiffness. As mentioned above, the degree of increase in stiffness occurs in small increments in early fibrosis stages but in an exponential manner during advanced fibrosis/cirrhosis. This trend of variation in amount of fibrous tissue or collagen deposition during different stages of fibrosis closely parallels with the increase in stiffness. 25 Hepatic fibrosis also causes remodeling of the liver parenchyma and vascular alterations that can influence tissue stiffness. The accommodation of increased portal flow following a meal is impaired in liver fibrosis and this can result in increased liver stiffness measurement (LSM), 26 whereas a normal liver parenchyma would be compliant and there is no or minimal increase in stiffness following a meal.
The degree of fibrosis (fibrosis burden) is variable in CLD in different etiologies. 24,27 -30 Chronic hepatitis B is typically macronodular cirrhosis with thin septa 27 ; therefore, less fibrosis burden at the same stage as compared with chronic hepatitis C results in micronodular cirrhosis, which results in more fibrosis burden. 30 LSM correlates with the degree of fibrosis and may be different among patients of same fibrosis stage from same etiology. 31 Similarly, LSM may also be different among patients with same fibrosis stage from different etiologies. 32 In addition to fibrosis, inflammation, edema, venous congestion, biliary obstruction can cause increased liver parenchymal stiffness and therefore are confounding factors in the evaluation of liver fibrosis with LSM. Hepatic steatosis as a confounder of LSM with ultrasound-based elastography is controversial and remains to be determined, however, and is not a significant confounder for LSM with MRE. 20, 33 
PRINCIPLE OF MRE OF LIVER
The basic principle of MRE is to propagate mechanically produced shear waves into the liver, image these propagating shear waveforms using modified phase contrast MRI sequence to obtain wave information in the liver, and using an inversion algorithm convert the wave information into tissue stiffness maps or elastogram. 19, 34 Shear waves propagate more rapidly in stiffer tissue (eg, cirrhotic liver) than in softer tissue (eg, normal liver). If the shear waves are continuously produced (dynamic), the speed of propagation is reflected in its wavelength. Therefore, as tissue stiffness increases, the wavelength of the propagating shear waves becomes more elongated. 19 
MRE OF LIVER TECHNIQUE
Here, we describe the Food and Drug Administration-approved clinical liver MRE system. The most commonly used set up for clinical liver MRE consists of an active driver, a passive driver applied on lower right chest wall closer to the liver and a 7.6 m long plastic tube that connects the active driver to the passive driver (Fig. 1) . The active driver is an acoustic driving system located outside the scanner room that generates shear waves in tissue, typically at 60 Hz for clinical use. Shear waves can also be generated in the liver using electromechanical voice coils or passive rigid rod drivers. 35, 36 The passive driver is a disc-shaped nonmetallic passive drum driver 19 cm in diameter with a membrane surface that vibrates and is placed in contact with the patient. The passive driver is activated with varying acoustic pressure conducted via the polyvincyl chloride plastic tube from the active driver.
Patients undergoing clinical MRE are required to fast at least 4 to 6 hours to avoid any postprandial effects on LSM. 26 Patients are imaged in the supine position with the passive driver placed against the anterior body wall along the mid-clavicular line over the right lobe of the liver on the chest below the breast, and with center of the driver at the level of xiphisternum (Fig. 1) . The passive driver is held in place with an elastic band around the body. Continuous longitudinal vibrations at 60 Hz are generated by varying acoustic pressure waves transmitted from an active driver device via the connecting plastic tube.
In patients with anatomical variants, bowel interposition between liver and anterior body wall, chest wall deformities, and prior hepatic resections, the passive driver may be placed closest to the largest part of the liver/remnant liver to ensure good transmission of shear waves into the largest part of the liver.
MRE SEQUENCE
MRE uses a modified phase contrast imaging sequence to determine tissue displacement caused by the propagation of shear waves. The modified sequence typically uses a conventional MR sequence such a gradient recalled echo (GRE), spin echo (SE), balanced steady-state free precision (bSSFP), or echo planar imaging (EPI). Motion-encoded gradients (MEGs) are added, which allow imaging of the shear waves. MRE can spatially map and quantitate displacement patterns corresponding to harmonic mechanical waves with amplitudes of microns in tissue. Strain and other mechanical characteristics related to wave propagation can be calculated from these displacement patterns. 37 The most widely used clinical MRE sequence is 2-dimensional GRE MRE (2D-GRE MRE) sequence (Table 1, Fig. 2) .
The MEGs are oriented in a particular direction (usually zdirection), switched in polarity (oscillation) at an adjustable frequency, and synchronized with the acoustic driver system. For 2D-GRE MRE, the MEG frequency is same at 60 Hz (Fig. 2) . By slightly adjusting the phase offset between mechanical excitation and the oscillation of the MEGs, wave images are obtained at different points of time of propagation. In the 2D-GRE MRE sequence, 4 phase offsets evenly placed over 1 cycle of motion are used.
Four axial (transverse) slices of 5 to 10 mm thickness are placed in the widest part of the liver to obtain largest cross-section of liver parenchyma for LSM (Fig. 3) . These 4 slices are best positioned in the upper middle part of the liver.
Each of the 4 slices are obtained with 1 breath hold in expiration of about 8 to 16 seconds depending on the size of the patient. The slices are obtained in expiration, as the position of the liver is most reproducible and there is no compression effect of the diaphragm that may occur in inspiration. A typical MRE sequence is completed with 4 breath holds and within 2 minutes to allow for normal breathing in between breath holds. The phase and magnitude images will become available for view on the scanner control as soon as acquisition of a slice is performed (Fig. 4) . The performing technologist can verify the propagation of waveforms by reviewing both the magnitude and phase images. If the waves are not visible on the phase images, most likely explanation is that the waves are not delivered and likely due to failure to connect the plastic tube to the passive driver or loose connection between the 2 tubes with air leak. The other causes may be due to nonsynchronization of active driver to the sequence or failure to activate the active driver. Both should be checked and rectified before additional slices are obtained. Subjects undergoing MRE can also verify if they experience vibrations from the passive driver.
POST PROCESSING
Before the inversion of wave information into stiffness maps, several pre-processing algorithms, including phase unwrapping, directional filtering, removal of concomitant gradient field effects, and removal of longitudinal wave are done to improve accuracy of the elastograms. The inversion is performed using one of the following algorithms: spatial frequency measurement, direct inversion of differential equations of motion, or iterative method involving finite element model. All the steps are performed automatically on the scanner console without any need for human input. 34 The typical interval for production of stiffness map after acquisition of MRE is about 2 minutes or less depending on the inversion algorithm used.
The mechanical property measured with the MRE inversion algorithm is the ''magnitude of the complex shear modulus'' and expressed in kilopascals (kPa). This parameter accounts for both elasticity and viscosity of the tissue.
Depending on the software installed, post processing typically produces several images, including color wave images, gray scale elastogram, color scale elastogram (0 to 8 kPa), and color scale elastogram with confidence map overlay (Fig. 4) .
LIVER STIFFNESS MEASUREMENT (LSM)
LSM is performed by drawing region of interest (ROI) on the elastograms. ROIs should cover regions of the liver with sufficient wave amplitude and for avoiding edge effects, should be spaced at least one-half wavelength from the liver margin, large vessels, the gallbladder fossa, and any areas influenced by cardiac and vascular artifacts need to be excluded. Ideally, the entire liver parenchyma in the cross-section should be evenly ''illuminated'' by planar shear waves with adequate amplitude, but in clinical practice, regions of wave attenuation and separation are seen and therefore the entire parenchyma cannot be included in the measurement. Regions of wave interference and artifacts due to wave propagation should also be excluded. The ROIs may be drawn on the magnitude image and copy pasted onto the confidence map. The ROI can be modified to fit into the confidence map and the mean LSM can be obtained.
The mean ROIs from all the 4 slices obtained are averaged and reported as the mean LSM of the liver. It is useful to report the range of the mean LSM, which can serve as a reference for follow-up studies. Free hand large ROIs are preferred over small ROIs, as larger area of sampling produces better reproducibility.
The LSM obtained with MRE is dependent on the frequency of applied mechanical waves and therefore cannot be directly compared with LSM obtained at different frequencies. The inversion methods and theoretical assumptions used in stiffness calculations are different between MRE and ultrasound-based elastography methods, and therefore, the LSM from each modality is not directly comparable. 
TECHNICAL PERFORMANCE OF MRE OF LIVER
MRE can be performed on both 1.5T and 3T clinical scanners. LSM is a mechanical property and independent of the magnetic field strength when all other parameters and conditions are similar. The tissue stiffness is determined by the mechanical frequency used; therefore, it is extremely important to perform MRE at the same frequency for comparable LSM. MRE of liver is repeatable and reproducible with high intra and interobserver agreement in both normal healthy individuals and in patients with CLD. [38] [39] [40] [41] [42] Besides, MRE can obtain reliable studies even in obese patients and in those with hepatic steatosis. 20, 33, 43 Several studies have shown that LSMs obtained with MRE on systems from different manufacturers are highly comparable and reproducible. [44] [45] [46] Evaluating the stiffness of large portion of liver parenchyma with MRE accounts for this high reproducibility.
Technical failures account for less than 5% of all the MRE examinations. The most common cause for failure is iron overload in the liver. The iron overload when severe reduces signal intensity of the parenchyma such that the amplitude of signal of propagating shear waves is very low. However, the mechanical shear waves still travel through the liver parenchyma. In a study by Besa et al 47 on 781 liver MREs, the technical failure rate of MRE with a 2D GRE MRE was low (3.5%) at 1.5 T but significantly higher (15.3%) at 3.0 T. Massive ascites, iron deposition, and high body mass index (BMI) were other independent factors associated with failure of MRE. In a meta-analysis study with nearly 700 patients from different countries, 20 the failure rate of MRE was only 4.3% mostly seen in patients with high liver iron content. Currently, according to improved sequences for patients with iron overload, it is predicted that the failure rate will drop to less than 1%. Compared with vibrationcontrolled transient elastography (VCTE), MRE has significantly lower technically failed studies (4% vs 11% to 20%). 48 Other possible causes include poor contact between passive driver and chest wall, loose connection between passive driver and plastic tube, failure of synchronization between active driver and MRE sequence.
MRE is a motion-sensitive sequence and poor breath hold can result in failed studies. Modifications in the technique including reduced breath hold duration or free breathing liver MRE are currently being explored.
CLINICAL APPLICATIONS OF LIVER MRE Diffuse Liver Disease

Fibrosis Detection and Staging
Normal, healthy liver is soft and has a mean stiffness value of 2.05 to 2.44 kPa and reported LSM ranges from 1.54 to 2.87 kPa. 40, 42, [49] [50] [51] [52] Fibrotic livers are stiffer than normal liver. MRE can differentiate normal liver from fibrotic livers with 89% to 99% accuracy, 80% to 98% sensitivity, and 90% to 100% specificity. 33, 36, 51, [53] [54] [55] [56] [57] Early fibrosis can be detected even when anatomical features suggestive of fibrosis are absent. 16, 17 The cut-off LSM for detection of liver fibrosis ranges from 2.4 to 2.93 kPa 33, 51, [53] [54] [55] [56] in different studies. The different LSM cut-offs are likely due to different populations studied and inclusion of multiple causes of CLD.
The stiffness of liver parenchyma increases with progression of fibrosis as described above (Fig. 5) . LSM with MRE significantly correlates (r ¼ 0.78, P < 0.001) with fibrosis content in the liver biopsy samples 58 and MRE has been shown to be as accurate as liver biopsy for liver fibrosis staging. 59 The increase in the stiffness occurs in smaller increments during earlier stages of fibrosis and increases exponentially during advanced fibrosis and cirrhosis. This variable rate of progression of fibrosis impacts on the accuracy of MRE for distinguishing early fibrosis stages, especially from inflammatory changes only 53, 55 ; however, the accuracy is still better than VCTE. 60 Studies on single etiologies such as viral hepatitis, 53,61 NAFLD, 56, 62 Gaucher, 62 and alcoholic liver disease 63 are published and the cut-off values may be useful as references for these specific etiologies.
MRE can accurately differentiate individual histological stages of fibrosis. The cut-offs for significant fibrosis and advanced fibrosis are variable and probably related to the variability in degree of fibrosis that occurs with different etiologies. 53, 61, 63 Clinically significant fibrosis (stage !2) can be differentiated from mild fibrosis (Stage 0 to 1) with >92% accuracy and positive predictive value of >93%. Similarly, cirrhosis (Stage 4) can be diagnosed with >95% accuracy and a negative predictive value of >98%.
55,57 MRE can therefore accurately rule in significant fibrosis and rule out cirrhosis, which is very useful for clinical decision-making.
Singh et al 20 evaluated diagnostic performance of MRE in 12 studies with 697 CLD patients and showed that overall diagnostic accuracy for detecting advanced fibrosis (!stage 3) was excellent with an accuracy of 0.93. However, the performance of MRE for the diagnosis of significant (!stage 2) and any fibrosis (!stage 1) was lower but still excellent (area under receiver operating characteristic, 0.84 to 0.88). 20 The cut-offs for distinguishing stage 1, stage 2, stage 3, and stage 4 fibrosis were 3.45, 3.66, 4.11, and 4.71 kPa, respectively. The diagnostic performance of MRE did not show any association with age, sex, obesity, and degree of necroinflammatory activity on biopsy. On stratified analysis by etiology of CLD, the diagnostic performance of MRE was comparable across patients with hepatitis C virus, hepatitis B virus, NAFLD, and alcoholic liver disease. Other systematic reviews have also confirmed the excellent 64, 65 MRE is useful in the evaluation of liver fibrosis in pediatric subjects and in post-transplant recipients. [66] [67] [68] MRE assesses a significant portion of the liver providing an opportunity for assessment of pattern of stiffness distribution across a cross-section of the liver and highlight heterogeneity that may reflect variations for fibrosis. Spatial distribution of stiffness in different CLDs may also be observed. This information may be useful for providing guidance for liver biopsy. 19 For clinical use of MRE in the staging of liver fibrosis, LSM cutoffs are proposed corresponding to stage 1 to 2, stage 2 to 3, stage 3 to 4, and stage 4 to facilitate decision making 31 ( Table 2 ). The interpretation of LSM should always be made in the clinical context and in the light of laboratory test results. LSM is an independent predictor for the transition from compensated to decompensated state in patients with advanced hepatic fibrosis, and LSM !5.8 kPa has been shown to be associated with a greater risk of decompensation. 69 
Clinical Follow-up and Assessment of Treatment Response
Liver biopsy cannot reliably detect quantitative changes in the fibrosis following a therapy, as the evaluation is subjective and prone for interobserver variation. In addition, repeating liver biopsy is not feasible in routine clinical practice. Noninvasive assessment with MRE may be better suited for evaluating fibrosis burden 58 and can demonstrate changes in stiffness over time in patients on clinical follow-up. Studies have proven that improvement in fibrosis burden is possible with proper treatment and MRE can be used as a treatment response evaluating technique. [70] [71] [72] [73] [74] [75] A recent meta-analysis concluded that a change in stiffness of 20% or greater measured using identical conditions, same site and same equipment, represents a true change in stiffness with 95% confidence. 76 MRE was found useful to stratify the risk of clinical progression of cirrhosis from Child-Pugh Class A to B in patients with chronic viral hepatitis C. 77 In this study, the hazard ratio for 1 kPa increase was 1.397 for cirrhosis progression (P ¼ 0.007) and the 1-year risk of cirrhosis progression was negligible in patients with mean LSM <3.3 kPa. In another study, Asrani et al 69 found that a mean LSM of 5.8 kPa was predictive of decompensation in patients with chronic hepatitis C.
Nonalcoholic Fatty Liver Disease (NAFLD)
NAFLD is the most common cause of CLD worldwide with an estimated prevalence of 20% to 40% and associated with metabolic syndrome and diabetes mellitus. [78] [79] [80] NAFLD is comprised of a spectrum of simple steatosis (SS) to nonalcoholic steatohepatitis (NASH) characterized by inflammation, ballooning, and with/without fibrosis. NASH is linked to metabolic syndrome and its prevalence is high in diabetic individuals and obese where it can be as high as 12% 81 and progress to cirrhosis with an increased risk of hepatocellular carcinoma. [82] [83] [84] NASH patients have higher mortality rate than isolated or SS (15% vs <2.5%) attributable to cardiovascular as well as liver-related deaths. [85] [86] [87] [88] [89] [90] [91] [92] [93] [94] [95] Currently, NAFLD is the third most common cause of liver transplantation, and on the route to becoming the most common cause. [96] [97] [98] Hence, there is a need for distinction between SS versus NASH and to detect and observe the progression of fibrosis in patients with NAFLD. 99 In recent years, the NAFLD activity score (NAS) has an acceptable role in defining NASH, although the ability of NAS to predict progression of fibrosis is poor. 100, 101 Liver fibrosis is the single most important feature that predicts the outcome in NAFLD and liver-specific mortality can be predicted better by fibrosis stage than NAS. 99 MRE is useful to differentiate SS from NASH (Fig. 6) .
In a preliminary study, Chen et al 55 reported that MRE can discriminate SS from NASH with or without fibrosis, with 94% sensitivity, 73% specificity, and an accuracy of 0.93 using a cut-off value of 2.74 kPa. However, recent studies including prospective studies have only shown modest accuracy of 0.70 to 0.81 102 -105 for distinguishing NASH from SS.
In another study, Kim et al 106 showed that in NAFLD, a cut-off value of 4.15 kPa could detect advanced fibrosis (F3 to F4) with an accuracy of 0.95, 85% sensitivity, and 93% specificity. Recent studies with both 2D and 3D MRE have shown similar higher accuracy in distinguishing advanced liver fibrosis in NAFLD. 43, [102] [103] [104] 107 MRE with proton density fat fraction (PDFF) performs significantly better than VCTE with controlled attenuation parameter 103, 105 for detection of steatosis and fibrosis in patients with NAFLD.
Multiparametric and 3D MRE may be able to provide additional mechanical parameters that may be helpful to differentiate inflammation from fibrosis in early stages. 108 A comprehensive liver MRI study that includes fat quantification, detection of inflammation, and staging of liver fibrosis with liver MRE may place a significant role in NAFLD evaluation. 109 
Focal Liver Lesions
Focal liver lesions (FLLs) can be benign or malignant. It is imperative to identify properly, the nature of each FLL, to avoid the delayed treatment of the malignancy or the unnecessary treatment of a benign lesion. 110 In a preliminary study, Venkatesh et al 111 found mean stiffness with MRE of malignant tumors was significantly higher than benign lesions or normal liver parenchyma or fibrotic liver tissue. They also claimed that a threshold value of >5 kPa could correctly differentiate malignant and benign lesions with 100% accuracy. In the same study, the mean stiffness of benign tumors was not significantly different from normal liver and fibrotic livers were significantly stiffer than benign liver tumors. As the stiffness of FLLs is dependent on tissue components, some focal nodular hyperplasia may be stiffer probably due to their central scar and the fibrous component. Hemangiomas are usually softer because of multiple large vascular spaces and fibrous septa. Metastatic lesions have variable stiffness, depending on their composition. However, most solid metastases are stiffer than normal liver. Cholangiocarcinoma demonstrate higher stiffness than HCC and this is most likely due to their desmoplastic reaction and fibrous stroma. 111, 112 A preliminary study by Thompson et al 113 showed increased tumor stiffness in well/moderately differentiated HCC compared with poorly differentiated HCC, suggesting that tumor stiffness by MRE may be able to differentiate HCC tumor grade.
In the future, it may be possible to determine the type of liver tumor by measuring their stiffness. To this end, more studies with larger number of tumors are needed. In a study, Li et al 114 evaluated the changes secondary to tumor treatment with the vascular disrupting agent ZD6126; they found that the amount of the absolute value of the complex shear modulus, elasticity, and viscosity on MRE decreases before any significant detectable change in tumor apparent diffusion coefficient (ADC) values. MRE can provide early imaging biomarkers for treatment-induced tumor necrosis 114 In another study, Pepin et al 115 revealed a significant decrease in MRE-derived tumor shear stiffness, within 4 days of chemotherapy treatment in an animal model. Although tumor volume did not change significantly during this period, reduction in cell proliferation was observed. Stiffness of treated HCCs is significantly lower than those who are treated and the measured stiffness correlated with enhancement ratio and percentage of necrosis. 116 
Limitations
Technical Factors
Failure to conduct shear waves into the liver could result from failure to connect the passive driver to the conducting tube. Failure to obtain good contact between passive driver and the patient can also result in poor transmission of the waves. An MRE sequence related limitation is when time to echo (TE) is closer to opposed-phase leading to reduced signal of the liver especially fatty liver. TE should be adjusted to be near or at in-phase to maximize signal intensity of the liver parenchyma.
Patient Factors
Due to limited scanner bore (60 to 70 cm), extreme obesity may make it difficult or impossible for patient to be positioned in the MR scanner with a passive driver applied. Anatomical factors may result in poor contact between passive driver and patient such as chest wall deformities, prior surgeries, or abdominal distension. In such situations, passive driver can be placed on right lateral lower chest wall or other position where a good contact can be obtained and the largest part of liver is nearby to ensure good transmission of the shear waves. As MRE sequence is motion sensitive, breath hold is critical to minimize the artifact due to poor breath hold. Shortening the breath hold duration may help reduce this artifact. It is now possible to obtain a single slice of MRE in as short a time as 11 to 12 seconds, which will be useful to obtain good quality images. Improving acquisition time with reduced k-space acquisition and use of parallel imaging may also help minimize breath hold artifacts.
Iron Overload
This is the most common cause of failure of 2D-GRE MRE in clinical practice. It is important to recognize that failure is due to low signal from the liver and not due to failure of propagation of shear waves. Implementing shorter TEs can improve the liver signal. Alternative pulse sequences with shorter TE such as SE EPI sequence (Fig. 7) are capable of visualizing the waves through the liver. 117 In rare cases, the iron overload may be severe and it may be useful to perform MRE after treatment to reduce iron content in liver or evaluate stiffness with ultrasound elastography.
Confounding Factors for Fibrosis Staging With MRE
LSM may be affected by parenchymal inflammation, which often accompanies chronic viral hepatitis, although the effect may not be significant. Studies on chronic viral hepatitis have shown that 25, 68 The confounding effect of inflammation will probably be most apparent in differentiating earlier stages of fibrosis from normal livers. More studies are required to establish the relationship between inflammation and liver stiffness. Passive venous congestion can lead to increased liver stiffness. In congestive hepatopathy, liver stiffness is elevated. 118 Hepatic steatosis alone may not increase the liver stiffness and there is no correlation between fatty change and liver stiffness measured in livers. Cholestasis can cause increase in stiffness. 119 Diffuse infiltrative disease such as amyloidosis can increase liver stiffness. 120 
Advances in MRE
Hardware.
The passive driver currently used is a rigid plastic disc with vibrating membrane that is placed in contact with patient. Flexible drivers have been developed (Fig. 8 ) for closer opposition with the patient for improving delivery of shear waves into the liver. A recent study in normal healthy volunteers showed no significant differences in the LSM obtained with rigid and flexible drivers. 121 Flexible driver may be more comfortable for patient and likely increase the ROI areas for LSM.
3D MRE Sequence.
The current clinical MRE sequence is a 2D sequence and works on the assumption that shear waves propagate in the plane of acquisition. However, this is not always true and waves traveling oblique to the plane of acquisition may lead to overestimation of LSM. 3D MRE enables encoding of motion in all 3 dimensions and processing of nonplanar waves with better evaluation of spatial patterns of liver fibrosis and focal lesions 104 and also addresses the issue of artificially increased wavelengths due to oblique 2D waves violating the planar wave assumption.
122 3D MRE can also obtain additional parameters with complete wave field acquisition and fewer assumptions about the material model during inversion. For example, volumetric strain, which is one of these parameters, is sensitive to pressure-related changes 123 and may be beneficial in the evaluation of portal hypertension diagnosis.
The 3D MRE sequences are usually SE based to shorten the time of acquisition. A typical 3D MRE sequence acquires 32 to 40 slices, and for LSM processing, the top 4 and bottom 4 slices are excluded to avoid partial volume effects. The LSM obtained with 3D MRE is usually lower than 2D GRE MRE; however, this does not affect the performance. 124 A better performance of 3D MRE performed at 40 Hz (standard is 60 Hz) was reported in patients with NAFLD.
104
3D EPI MRE failure rate is lower than 2D GRE MRE, due to better performance in hepatic iron deposition. 125 
Multifrequency MRE (MF-MRE).
There has been interest in exploring various mechanical parameters for differentiation of pathological processes that occur in CLD. Multifrequency (MF)-MRE can allow these parameters to be assessed using various mechanical models. The diagnostic performance of MF-MRE at higher driving frequencies (50 and 62.5 Hz) is better than lower frequencies (25 and 37.5 Hz). 57 A MF-MRE study has shown its utility in improving diagnosis of NASH from isolated or SS. 104 With MF-MRE, the difference between hepatic stiffness of pediatric and adults was more obvious at higher frequencies. 123 The MF-MRE FIGURE 7 . MRE in a patient with iron overload using the 2D-GRE MRE (top row), SE MRE (middle row), and the SE-EPI MRE techniques (bottom row). Magnitude, phase contrast, wave, and stiffness maps from left to right. The low signal level within the liver resulted in noise-dominated phase images for the data obtained with GRE MRE. In contrast, both spin-echo sequences had significantly improved SNR and confidence level. The shear waves can be visualized in the phase-contrast images. The hepatic stiffnesses were 2.3 (AE0.83) kPa for SE and 2.4 (AE0.77) kPa for SE-EPI, while the GRE data were considered a failure.
increases time of acquisition and the clinical utility still needs to be determined. 122, 123, 125 MRE Sequences Designed for Liver Iron Overload.
Iron deposition in the liver is a characteristic of hemochromatosis and is often a coexisting finding in many CLDs. Iron characteristically accumulates in regenerative nodules in cirrhotic livers. With its superparamagnetic properties, iron deposition causes local magnetic field heterogeneities and results in shortening of T1, T2, and especially T2Ã values. This effect causes a significant T2/T2Ã-dependent decrease in the liver signal intensity, [126] [127] [128] especially in GRE sequences that lack a 180 o refocusing pulse. SE sequences are less susceptible for magnetic field heterogeneities 129 and would be useful in patients with liver iron overload.
Wagner et al 130 reported that success rate, image quality, and liver coverage, and with SE EPI MRE is superior to GRE-MRE on 3T with less motion artifacts and shorter acquisition time with comparable performance.
Serai et al 131 studied on a children group and found excellent agreement on liver stiffness values measured by 2D GRE and 2D EPI MRE. Furthermore, stiffness can be measured across larger areas of the liver and in a single breath hold, which is showed using EPI MRE. As a whole, EPI MRE is a helpful technique, in patients with iron overload or poor breath hold.
In a comparative study, 5 different MRE sequences (2D GRE MRE, 2D EPI MRE, iron overload 2D EPI MRE, iron overload 2D SE MRE, and 3D EPI MRE) showed no significant effect of R2Ã on image quality of iron overload sequences, and no significant effect was observed on measured LSM on all 5 sequences. The success rates of iron overload sequences were significantly higher than GRE MRE sequence. Also, all SE MRE sequences had higher success rates and better image quality than GRE MRE in 3T scanners. BMI, however, had a signicant effect on iron overload sequences 132 likely due to lower TE leading to signal-to-noise ratio. The liver edge artifacts are avoided using SE sequences, which get worse with 2D GRE sequences in higher field strength scanners A meta-analysis comparing 2D GRE MRE and 2D SE EPI MRE for staging of liver fibrosis showed no significant differences in the accuracy of 2 methods. 133 GRE-MRE has better agreement and repeatablity and therefore should be used first and in case of failure of GRE-MRE SE EPI MRE should be performed. 45 The SE-EPI MRE requires a shorter acquisition time than GRE-MRE. 66 Post Processing.
The initial clinical liver MRE studies used local frequency estimation (LFE) inversion algorithm and later studies used multiscale direct inversion algorithm (MSDI). The current standard is multimodel direct inversion (MMDI) algorithm and has been shown to provide better image quality, and slightly lower stiffness values than MSDI at 3T MRE. 134 A confidence map that excludes noisy or discontinuous data is a checkerboard, which is overlaid on the stiffness map to depict regions of lowest confidence or less reliable measurement. The ROIs are drawn within the region that is not checkered to obtain reliable LSM.
Automated LSM.
Automated liver elasticity calculation (ALEC) is a newly developed automated algorithm for measuring LSM. The algorithm automatically localizes liver in the magnitude images, detects liver edge, and draws a large ROI excluding regions of low confidence. ALEC has been shown to perform noninferiorly with an experienced MRE reader. ALEC can improve the reproducibility of MRE by eliminating the intrareader and decreasing the inter-reader variability. 118, 135, 136 ALEC is currently used for clinical practice at Mayo Clinic, Rochester, MN.
Neural Network Inversion.
Recent work has investigated a machine learning approach to MRE inversion, in which artificial neural networks were trained using simulated data and then applied in vivo. 137 In simulation studies, this neural network inversion (NNI) is more accurate in noisy data than conventional direct inversion methods. In liver examinations, the mean NNI result is tightly correlated with measures obtained from multiple-model direct inversion (MMDI), which is commonly used clinically. As with MMDI, NNI-based stiffness estimates are significantly correlated with fibrosis stage. The potential advantage in NNI lies in resolution. Improved resistance to noise can mitigate the need for filtering or large regions for computing summary statistics, which in the liver, could allow more accurate characterizations of focal lesions. Work is ongoing to test the hypothesis that NNIs can provide improved resolution of stiffness estimates.
Newer Clinical Applications.
Clinical applications of liver MRE are expanding from the initial application of detection and staging of liver fibrosis. MRE may be useful in predicting decompensation in CLD 69 and portal hypertension and esophageal varices. 138 LSM with MRE is a predictor of risk of major complications due to blood loss during liver resection in patients with cirrhosis. 139 In a small series, LSM with MRE has been found to be useful for predicting radiation-induced liver disease in patients receiving radiotherapy for liver tumors. 140 Newer indications continue to emerge along with estimation of splenic stiffness for prediction of portal hypertension. CLD is characterized by necroinflammation, congestive, and fibrotic changes. It will be useful to distinguish these components and determine how their contributions change temporally as well CLDs resulting from different etiologies. Some of the early results are promising for further research and validation in this direction.
Viscoelasticity Detects Inflammation.
Yin et al 108 showed in an animal model that MRE-derived damping ratio and loss modulus can detect inflammation before the onset of fibrosis. In the same study, they also showed that damping ratio correlates negatively with portal pressure, whereas stiffness correlated positively. They concluded that liver stiffness and damping ratio might be useful to identify different pathophysiologic states. The current concept of the progression of NAFLD to NASH is that inflammation follows the development of steatosis. Inflammation is an essential factor in the development and progression of hepatic fibrosis. Viscoelasticity biomarkers provide a sensitive way to detect hepatic inflammation even before the onset of histologically detectable white cell infiltrates. This may also suggest that hepatic inflammation is present in obese patients even before the onset of steatosis and histologically detectable inflammation. Figure 9 illustrates the differences in damping ratio and loss modulus between a normal healthy volunteer and an obese individual with mild inflammation but near normal liver stiffness.
NAS Prediction With Imaging Biomarkers.
Histologic NAS comprises of steatosis, inflammation, and ballooning. It reflects disease activity rather than consequence (fibrosis). Considering the natural history of NAFLD, fibrosis usually occurs after hepatocellular ballooning. From our preliminary experience implementing a chemical shift based water and fat separation technique to measure liver fat fraction, multifrequency SE EPI MRE to measure LSM, and measuring damping ratio in both preclinical animal studies and clinical patients, we found that virtual NAS (vNAS) score is possible. In the pilot human study, data was collected from an ongoing perspective study (ID NCT02565446), a retrospective study 48, 141 and 12 normal volunteers (BMI < 30 kg/m 2 ). LSM, damping ratio and loss moduli may be significant predictors of NAS. We hypothesize that these predictors can assess NAFLD disease activity better, especially for inflammation and ballooning which are hallmarks of NASH and used in NAS score. 142, 143 More data from both pre-clinical and clinical studies are necessary to confirm our findings.
CONCLUSION
Liver MRE is a robust technique for evaluation of liver stiffness and is currently the most accurate noninvasive imaging technology for evaluation of liver fibrosis. Improvement in MRE sequences has helped in reducing the technical limitations of clinical liver MRE. Advances in MRE technology have led to understanding of newer mechanical parameters that may be useful in understanding pathological processes in CLD and may prove useful in their management.
